Enterococcus faecalis exhibits high resistance to oxidative stress. Several enzymes are responsible for this trait. The role of alkyl hydroperoxide reductase (Ahp), thiol peroxidase (Tpx), and NADH peroxidase (Npr) in oxidative stress defense was recently characterized. Enterococcus faecalis, in contrast to many other streptococci, contains a catalase (KatA), but this enzyme can only be formed when the bacterium is supplied with heme. We have used this heme dependency of catalase activity and mutants deficient in KatA and Npr to investigate the role of the catalase in resistance against exogenous and endogenous hydrogen peroxide stress. The results demonstrate that in the presence of environmental heme catalase contributes to the protection against toxic effects of hydrogen peroxide.
Introduction
The Gram-positive bacterium Enterococcus faecalis is a commensal organism of humans. However, it is an opportunistic pathogen causing severe infections in immunocompromised hosts. Treatment of E. faecalis infections and disinfection is complicated by the intrinsic resistance of the organism to many antibiotics and to physical and chemical stresses. Furthermore, this bacterium is able to survive the oxidative burst in macrophages (Wells et al., 1990) which may thereby facilitate invasion. Several detoxifying enzymes contribute to resistance to reactive oxygen species (Riboulet et al., 2007) . The three E. faecalis peroxidases, NADH peroxidase (Npr), alkyl hydroperoxide reductase (Ahp), and thiol peroxidase (Tpx), were recently shown to have specialized roles in oxidative stress resistance . It was found that Tpx is essential for virulence and survival in phagosomes of macrophages, Npr is indispensible for protection from metabolic oxidative stress, and both enzymes are required for survival during in vitro hydrogen peroxide challenge. Ahp plays an important role in both in vitro hydrogen peroxide challenge and metabolic oxidative stress.
Enterococcus faecalis lacks enzymes for protoporphyrin IX synthesis and therefore cannot synthesize heme. When supplemented with heme, however, E. faecalis cells can assemble an active monofunctional heme-dependent catalase (Frankenberg et al., 2002) and a cytochrome bd (Winstedt et al., 2000) . Cytochrome bd is the terminal enzyme of a minimal respiratory chain that in the presence of molecular oxygen provides a higher energy yield compared with fermentation and improves thereby growth of E. faecalis. Catalase functions to decompose hydrogen peroxide generated in the cell or provided by the environment. It is generally assumed that catalase in bacteria has an important role in protection against toxic effects of hydrogen peroxide, although experimental evidence in many cases is lacking. In this study, we have studied the physiological role of the catalase in oxidative stress resistance of E. faecalis.
Materials and methods

Bacterial strains and growth conditions
Enterococcus faecalis strains used in this study are listed in Table 1 . Cells were cultured on Todd-Hewitt agar (THA), in tryptic soy broth (TSB), and TSB supplemented with 1% glucose (TSBG). TSB is a heme-free medium (Frankenberg et al., 2002) and when indicated 8 lM hemin was added from a 10 mM stock solution in DMSO. The same volume of DMSO was added to control cultures. Tetracycline and chloramphenicol were used at a concentration of 10 lg mL À1 for cultivation of resistant strains.
Bacterial cultures were grown in E-flasks in an incubator shaker at 37°C and 200 r.p.m.
Hydrogen peroxide treatment
Overnight cultures of E. faecalis strains in TSB were used to inoculate 25 mL of TSBG to an OD 600 nm of 0.1. After incubation for 1 h, the cells were diluted to an OD 600 nm of 0.05 in 50 mL of the same medium, and incubation was continued until the OD 600 nm reached 0.3. Aliquots (5 mL) of the bacterial culture were transferred to five tubes containing hydrogen peroxide to give a final concentration of 0, 15, 30, 45, and 60 mM respectively. After mixing, the cells were incubated at room temperature for 15 min without agitation. The number of surviving bacteria in the tubes was determined by viable counts on THA. For each tube, two dilution series were made, and the average values were used. Statistical significance was calculated using Student's t-test.
To study the effects of catalase, the experiment was repeated with hemin-supplemented media. For statistical analysis, four (OG1RF) and three (EMB2, EMB15) independent experiments were performed.
Glycerol-induced stress
Cells from an overnight culture in TSB with and without hemin added were used to inoculate 50 mL of the same medium to an OD 600 nm of 0.05. Two identical cultures for each strain were prepared, and after incubation for 2 h, 0.3% glycerol was added to one of them and water to the other. Incubation was continued for additional 100 min, and growth was recorded by OD 600 nm .
Analysis of cell extracts
Cell extracts were prepared from cells grown in heminsupplemented TSBG to OD 600 nm = 0.3. Cells were harvested by centrifugation for 10 min at 5000 g and 4°C, and the pellet was washed once in TES (50 mM Tris·HCl pH 7.5, 5 mM EDTA, 50 mM NaCl) solution. Cell pellets were suspended in 50 mM KPO 4 pH 8.0, and the suspension was transferred to 2-mL screw-cap tubes containing 1.75 g zirconia/silica beads (d = 0.1 mm). Cells were lysed using a FastPrep instrument (MPbio) for 3 9 20 s at 6 m s
À1
. Debris and unbroken cells were removed by centrifugation for 30 min at 5000 g and 4°C. Supernatants were subjected to SDS-PAGE (Schägger & von Jagow, 1987) . Proteins were then transferred by electroblot onto a PVDF membrane (Millipore). KatA antigen was detected using rabbit anti-KatA antiserum (Frankenberg et al., 2002 ) and a horseradish peroxidase-coupled antirabbit secondary antibody (GE Healthcare). For detection, the Super Signal West pico kit (Pierce) and a Kodak Imager station were used.
Catalase activity was measured by adding 25 lL of cell extract to a cuvette containing 0.1% hydrogen peroxide in 1 mL of 50 mM KPO 4 pH 7.0. The rate of hydrogen peroxide decomposition was recorded as the change in absorption at 240 nm. The extinction coefficient for hydrogen peroxide (e 240 = 0.0436 cm 2 lmol
) was used to calculate catalase activity units. One unit decomposes 1 lmol hydrogen peroxide min À1 .
Results and discussion Exogenous hydrogen peroxide stress
The cytotoxic effects of externally provided hydrogen peroxide are dependent on both the hydrogen peroxide concentration and the duration of the treatment. To analyze concentration-dependent killing, increasing amounts of hydrogen peroxide (up to 60 mM) were added to cells of E. faecalis strain OG1RF grown in TSBG (a hemefree medium) to mid-exponential growth phase (2 9 10 7 CFU mL À1 ). After hydrogen peroxide addition, the cells were kept at room temperature for 15 min, a time period that was found to result in moderate killing (50% survival after treatment with 15 mM hydrogen peroxide), and the number of surviving cells was determined by viable counts on agar plates. The effect of hydrogen peroxide Enterococcus faecalis hydrogen peroxide resistance was concentration dependent, as expected, and at 60 mM, 1% of the cells survived the treatment (Fig. 1) .
To determine the impact of E. faecalis catalase on survival, the experiment was repeated with cells grown in TSBG supplemented with 8 lM hemin that is needed for biogenesis of functional catalase (Frankenberg et al., 2002) . Enterococcus faecalis is relatively resistant to the toxic effects of heme (MIC > 150 lM) (Brugna et al., 2010) . Supplementation of the medium with hemin resulted in somewhat improved resistance against low (15 and 30 mM) but not high (45 and 60 mM) hydrogen peroxide concentrations (Fig. 1) . Although the trend was the same for 15 and 30 mM hydrogen peroxide, statistically significant results were only obtained for the latter concentration (P = 0.02). Active catalase in cells was confirmed by the effervescence upon addition of hydrogen peroxide to the culture and by the presence of catalase protein (KatA) and activity in cell extracts (Fig. 2) . Free heme exhibits peroxidase activity, but this is low compared with that of, for example, catalase. We found that < 2% of the hydrogen peroxide was decomposed under the conditions used; that is, ! 15 mM hydrogen peroxide and 8 lM hemin. This excluded the possibility that significant amounts of the added hydrogen peroxide were decomposed by heme during the 15-min incubation period with hemin-supplemented bacterial culture.
Strain EMB2, a KatA-deficient mutant derived from OG1RF (Table 1) , showed survival comparable with OG1RF after hydrogen peroxide challenge when grown in medium without hemin but was more sensitive when grown in medium supplemented with hemin (Fig. 3) . The latter property could be explained by a direct toxic effect of heme on the mutant but is more likely a consequence of altered metabolism, for example, respiration, induced by heme. Complementation of EMB2 with katA on a plasmid (pLUF15) resulted in high amounts of catalase protein and activity (Fig. 2) and restored protection against killing by hydrogen peroxide when the cells were supplied with hemin (81% survival after treatment with 30 mM hydrogen peroxide).
An Npr-defective mutant, EMB15 (Table 1) , showed resistance to hydrogen peroxide comparable with OG1RF after growth in medium with hemin (Fig. 3) . Interestingly, strain EMB15 showed slightly increased survival compared with the wild type when grown in heme-deficient medium. The reason for this effect is unclear but might also in this case be due to heme-induced altered metabolism rendering the cell less vulnerable to oxidative stress.
Stress response systems are often inducible by small amounts of the stress-triggering substance (van de Guchte et al., 2002) . To investigate whether protection by catalase can be induced, 1 mM hydrogen peroxide was added to cells of E. faecalis OG1RF 10 min prior to treatment with 30 mM hydrogen peroxide. For cells grown in heme-free medium, survival was improved (35% vs. 2%) by the pre-treatment, whereas no significant effect (56% vs. 63%) could be seen with cells grown in the presence of heme.
From the obtained results, we conclude that catalase contributes to hydrogen peroxide resistance when E. faecalis is grown under respiration-permissive conditions, that is, in the presence of heme.
Endogenous hydrogen peroxide resistance
Glycerol can be metabolized by E. faecalis via two different pathways (Jacobs & Vandemark, 1960; Bizzini et al., 2010) . One of them, which is predominant in strain OG1RF, comprises the enzyme glycerol-3-phosphate oxidase (GlpO) that oxidizes glycerol-3-phosphate to dihydroxyacetone phosphate and reduces molecular oxygen to hydrogen peroxide. It was shown previously that an E. faecalis Npr-defective mutant grows poorly on media containing glycerol as carbon source due to accumulation of hydrogen peroxide in the cell . The npr transposon-insertion mutant EMB15 used in this study showed the same phenotype when grown on TSB agar plates supplemented with 0.3% glycerol. Supplementation of the medium with 8 lM hemin allowed normal growth of strain EMB15 also in the presence of glycerol.
To investigate the role of catalase in resistance to endogenous hydrogen peroxide stress, we grew E. faecalis strains OG1RF and EMB15 in TSB with and without hemin added until mid-exponential growth phase. Then, glycerol was added and the incubation was continued. Shortly after glycerol addition, the Npr-defective mutant, but not the wild type, stopped growing in medium without hemin. In contrast, only little difference in growth between these strains was seen in heme-supplemented medium (Fig. 4) . These results show that heme supplementation can complement Npr deficiency. Catalasemutant EMB2 grown in medium with and without heme behaved like the wild-type strain OG1RF in this type of experiment (data not shown) which emphasize the role of Npr in resistance to endogenous hydrogen peroxide stress.
Conclusions
In this study, we show that catalase in E. faecalis plays a partially protective role against toxic effects of externally added hydrogen peroxide. Suppression of the glycerolsensitive phenotype of an Npr-deficient mutant by heme supplementation of the growth medium indicates that catalase also protects against endogenous hydrogen peroxide stress.
Although heme is found in many environments (Lechardeur et al., 2011), its availability is often limited, for example, in animal tissues by binding to specialized heme-binding proteins. Most pathogenic bacteria have evolved mechanisms to acquire heme from host proteins (Anzaldi & Skaar, 2010) . No heme uptake system has yet been identified in E. faecalis, and the mechanism of how this bacterium obtains heme for catalase biogenesis from the environment is not known.
Interestingly, no homolog of katA, encoding the catalase protein, can be found in the available genomes of other Enterococcus species, nor in the phylogenetically closely related Lactococci and Streptococci. Thus, E. faecalis apparently harbors catalase as an extra layer of protection against oxidative stress under conditions where heme is available.
